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Ca2+-activated BK channels modulate neuronal
activities, including spike frequency adaptation and
synaptic transmission. Previous studies found that
Ca2+-binding sites and the activation gate are
spatially separated in the channel protein, but the
mechanism by which Ca2+ binding opens the gate
over this distance remains unknown. By studying
an Asp-to-Gly mutation (D434G) associated with
human syndrome of generalized epilepsy and parox-
ysmal dyskinesia (GEPD), we show that a cytosolic
motif immediately following the activation gate S6
helix, known as the AC region,mediates the allosteric
coupling between Ca2+ binding and channel
opening. The GEPD mutation inside the AC region
increases BK channel activity by enhancing this
allosteric coupling. We found that Ca2+ sensitivity is
enhanced by increases in solution viscosity that
reduce protein dynamics. The GEPD mutation alters
such a response, suggesting that a less flexible AC
region may be more effective in coupling Ca2+
binding to channel opening.
INTRODUCTION
Ion channels are proteins that conduct ions across cell mem-
branes. Channel proteins regulate membrane excitation and
ionic homeostasis in response to cellular signals, and mutations
of ion channels often induce serious, sometimes life-threatening,
diseases (Ashcroft, 2000). Structural studies in recent years have
greatly advanced our understanding of the basic working
modules of ion channels, including the activation gate (Yellen,
1998) and sensors to various stimuli such as voltage (Bezanilla,
2008; Swartz, 2008) and chemical ligands (Jiang et al., 2002;
Unwin, 2003; Xia et al., 1998; Zagotta et al., 2003). However,the structural basis for the energetic coupling between sensors
and the activation gate still remains elusive. Considering the
fact that many disease-causing mutations are outside of the
gate and sensors, it is particularly important to understand
the molecular mechanism of the energetic coupling (i.e., the
structural components of the allosteric activation pathways)
and how they are modified by channel mutations. Activated by
both membrane depolarization and increases in intracellular
Ca2+ concentration ([Ca2+]i), large-conductance, voltage and
calcium-activated K+ (BK) channels become one of the best
systems to address this question (Cui et al., 2009). Recently,
we characterized a mutation D434G in human BK channels
(hSlo1, GenBank accession number, GI: 26638649) that was
identified from patients with nervous disorders of coexistent
generalized epilepsy and paroxysmal dyskinesia (Du et al.,
2005). This epilepsy/dyskinesia mutation (hD434G) significantly
increases Ca2+ sensitivity of BK channels under physiological
conditions. More interestingly, the hD434G mutation resides in
a cytosolic motif, which is important for the allosteric coupling
between Ca2+ binding and channel activation (Jiang et al.,
2002; Krishnamoorthy et al., 2005), but outside of the putative
Ca2+-binding sites (Figure 1A), implying its role in the allosteric
Ca2+-dependent activation. Thus, this mutation provides us
with a unique opportunity to uncover the structural basis and
dynamic nature of the coupling between Ca2+ binding and BK
channel opening.
BK channels are composed of four identical alpha subunits en-
coded by the Slo1 gene (Atkinson et al., 1991; Shen et al., 1994).
Each Slo1 subunit contains a membrane-spanning domain,
which includes the voltage sensor and the ionic pore with the
activation gate, and a large cytoplasmic C-terminal domain
where two putative Ca2+-binding sites, D367 and the Ca2+
bowl, have been identified (Schreiber and Salkoff, 1997; Xia
et al., 2002) (Figure 1A). In addition, the channel contains a third
site that binds both Ca2+ and Mg2+ at high (mM) concentrations
(Shi et al., 2002; Xia et al., 2002; Yang et al., 2008), which is not
shown in Figure 1A because, under the experimental conditions
used in this study, this site will not be occupied. The atomic
structure of the BK channel has not been solved. However, theNeuron 66, 871–883, June 24, 2010 ª2010 Elsevier Inc. 871
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Figure 1. The Epilepsy/Dyskinesia Mutation
mD369G Enhances Ca2+ Sensitivity of
mSlo1 BK Channel Activation
(A) The Slo1 polypeptide. The membrane-span-
ning domain contains helices S0-S6 and pore
loop (P), of which S1-S4 form the voltage sensor
domain (VSD) and S5-S6 form the pore/gate
domain (PGD). The cytoplasmic domain contains
two putative Ca2+-binding sites: the D367 site
(Site I) and the Ca2+ bowl (Site II). mD369G is
located in the AC region, close to the D367 Ca2+-
binding site.
(B) Macroscopic current traces from inside-out
patches expressing WT and mD369G channels.
Currents were elicited in 1.8 mM [Ca2+]i by voltages
as indicated. The voltages before and after the
pulses were 50 mV.
(C and D) G-V curves for WT and mD369G
channels in [Ca2+]i from nominal 0 (0.5 nM) to
111.5 mM. Solid lines are fits with the MWC model
(see Experimental Procedures).
(E) V1/2 of G-V curves versus [Ca
2+]i for WT and
mD369G channels.
(F) Parameters of MWC model fits for WT and
mD369G channels (value ± standard deviation).
Error bars represent SEM.
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mD369G Mutation Enhances BK Channel ActivationX-ray crystallographic structure of KV1.2 channel (Long et al.,
2005) has been used as a model for the membrane-spanning
domain of BK channels, whereas the RCK (regulator of K+
conductance) domains of the MthK channel (Jiang et al., 2002)
are suggested as a model for the cytoplasmic domain (Cui
et al., 2009). A recent three-dimensional structure of BK chan-
nels from electron cryomicroscopy is consistent with these
homology models (Wang and Sigworth, 2009). Structural and
functional studies suggested that Ca2+ binding activates the
channel through an allosteric mechanism (Magleby, 2003). At
the molecular level, the allosteric mechanism is suggested to
be similar to that for the MthK channel such that Ca2+ binding
first alters the conformation of the cytosolic domain, which
then opens the activation gate by pulling the S6 transmembrane
segment (Jiang et al., 2002; Niu et al., 2004). To date, no struc-
tural component in the cytosolic domain that changes conforma-
tion during Ca2+-dependent activation has been identified in BK
channels, and the nature of such conformational changes is not872 Neuron 66, 871–883, June 24, 2010 ª2010 Elsevier Inc.known. The hD434G mutation in BK
channels causes an increase in the
activity of BK channels at the same
membrane potentials and in [Ca2+]i as
compared to the wild-type (WT) hSlo1
channels. This change may be the basis
for the association of the mutation with
the neurological disorders (Brenner
et al., 2005; Du et al., 2005). To investi-
gate how this mutation uniquely
enhances channel function, we studied
the hD434G-equivalent D369G in mouse
Slo1 (mSlo1) BK channels (Figure 1).
These studies identified the N terminusof the RCK1 domain containing 76 amino acids, a region
including the secondary structures bA-aC (Jiang et al., 2002)
and thus named the AC region, as part of a structural basis con-
necting Ca2+ binding to channel opening. The results suggested
a conformational and dynamical change of the AC region during
BK channel activation that is altered by the mD369G mutation.
These results also provide a novel allosteric mechanism for
how ligand binding opens activation gates in ion channels.
RESULTS
mD369G Enhances Ca2+-Dependent Activity
Experiments were performed on mSlo1 rather than hSlo1. The
mSlo1 channel is homologous to hSlo1; aside from the different
lengths at the N and C termini, 99% of amino acids are identical
between the two channels (Butler et al., 1993; Du et al., 2005).
The D369G mSlo1 channels exhibit the same phenotype as
D434G hSlo1 such that, at the same voltage and physiological
Figure 2. mD369G Enhances Ca2+ Sensi-
tivity as Shown by Limiting Slope Measure-
ment
(A) Current traces at 140 mV under different
[Ca2+]i for WT and mD369G. The patch for WT
has 730 channels, and the one for mD369G
has 550 channels. [Ca2+]i is labeled next to the
corresponding traces.
(B and C) Po-V relations for WT (B) and mD369G
(C) under different [Ca2+]i. The symbols for each
[Ca2+]i are identical to Figures 1C and 1D. Solid
lines are fittings to the HCA model. Error bars
represent SEM.
(D) Po at 140 mV under different [Ca2+]i for WT
and mD369G. Solid lines are fittings to the Hill
equation: Po = 1=ð1+ ðKA=½Ca2+ ÞnÞ. The micro-
scopic dissociation constant KA = 15 and 8 mM
and the Hill coefficient n = 2.8 and 3.5 for WT
and mD369G, respectively. Error bars represent
SD of fitting.
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mD369G Mutation Enhances BK Channel Activation[Ca2+]i, the mutant channels activated more than the WT chan-
nels (Figure 1B). We studied the mSlo1 channels over a more
complete range of [Ca2+]i from nominal 0 (0.5 nM) to the near
saturating 111.5 mM, and the results revealed that the mutation
enhances Ca2+ sensitivity of channel activation (Figures 1C–1F).
The increase of [Ca2+]i shifted the voltage range of the conduc-
tance-voltage (G-V) relations of the mutant channels to more
negative voltages as compared to those of the WT channels
(Figures 1C and 1D). The G-V relation of BK channel activation
can be approximated by fitting the data to the Boltzmann func-
tion with two independent parameters: V1/2 (voltage at half-
maximum conductance) and z (proportional to the steepness
of the curve). A plot of V1/2 versus [Ca
2+]i clearly shows that
Ca2+ binding shifts the G-V relation to more negative voltage
ranges, and that the shifts for the mD369G mutant channels
are larger than that for the WT channels (Figure 1E). To further
quantitatively estimate the change of Ca2+ sensitivity caused
by the mutation, we fit the G-V relations of both mutant and
WT channels at various [Ca2+]i to the MWCmodel of BK channel
activation (Cox et al., 1997; Magleby, 2003) (Figures 1C and D)
and list the parameters (Figure 1F), where Ko and Kc are dissoci-Neuron 66, 871–8ation constants for Ca2+ binding at the
open and closed conformations, respec-
tively. The mD369G mutation decreased
both Ko and Kc, consistent with an
enhancement of Ca2+ sensitivity. Such a
change in Ca2+ sensitivity would increase
open probability of the channel by 1.4–5
times during a neuronal action potential
with an estimated amplitude of 30 mV
and local [Ca2+]i between 2 and 10 mM
(Figures 1C and 1D). Previous studies
suggested that the increased BK channel
activity may be prominent at the peak of
neuronal action potentials, where [Ca2+]i
increases as a result of Ca2+ influx via
voltage-dependent Ca2+ channels, toreduce the duration and increase the frequency of action poten-
tials and result in seizures (Brenner et al., 2005).
The shift of G-V relations in response to changes in [Ca2+]i is an
effective measurement of Ca2+ sensitivity of BK channels (Cui
et al., 1997), which has been the primarymethod for investigating
the gating mechanism of BK channels, including the identifica-
tion of Ca2+-binding sites (Schreiber et al., 1999; Xia et al.,
2002). However, because BK channels are activated by both
voltage and Ca2+ (Cui et al., 2009), this method does not directly
reveal the mechanistic properties of Ca2+-dependent activation.
To eliminate the influence of voltage-dependent activation, we
further examined Ca2+ sensitivities of the WT and D367G
mSlo1 using limiting slope measurements at extremely negative
voltages where BK channels open spontaneously and indepen-
dently of voltage sensor movements (Horrigan et al., 1999).
A patch containing hundreds of BK channels is held at negative
voltages, where the open probability of the channels is so small
that only rare openings of single channels are observed
(Figure 2A). The open probability of the channels increases in
the presence of Ca2+, resulting in marked increase of single
channel openings. Figure 2 shows that mutation mD369G83, June 24, 2010 ª2010 Elsevier Inc. 873
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Figure 3. mD369G Mutation Specifically
Affects the D367-Associated Ca2+ Activa-
tion Pathway
(A) Diagram illustrating the relationship between
Ca2+-binding sites and the gate. Ca2+ binding to
the two sites, which are located distant from the
activation gate, activates the channel through
independent pathways with little cooperativity.
mD369G is located close to the D367 site.
(B and D) G-V curves for D367A and D367A/
D369G mutants (B) and for 5D5N and 5D5N/
D369G mutants (D) with 0 and 32.3 mM [Ca2+]i.
Solid lines are fits with the Boltzmann function.
(C and E) V1/2 versus [Ca
2+]i for D367A and
D367A/D369G mutants (C) and for 5D5N and
5D5N/D369G mutants (E). The curves for D367A
and D367A/D369G are shifted vertically to align
at 0 [Ca2+]i in the inset of (C).
(F) V1/2 versus [Ca
2+]i forWT andD369A, E, G, N, P,
and W mutants. Note that the data in this panel
were obtained in a different batch of experiments
with a different set of Ca2+ solutions; hence, the
final Ca2+ concentrations are slightly different
from those in other figures.
Error bars represent SEM.
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mD369G Mutation Enhances BK Channel Activationenhances Ca2+ sensitivity of the channel. At 140 mV, the
number of single channel opening events of both WT and
mD369G increases with increasing [Ca2]i, but more prominently
for mD369G (Figure 2A). The Po-V relations at various [Ca
2]i
become flat at negative voltages (Figures 2B and 2C), indicating
that channel opening at these voltages no longer depends
on voltage sensor movements. The Ca2+ dependences of
Po at 140 mV for WT and mD369G channels (Figure 2D) clearly
show that mutation mD369G enhances Ca2+ sensitivity. The fit
of the data by the Hill equation (solid lines) results in a micro-
scopic dissociation contant of 15 and 8 mM and a Hill coefficient
of 2.8 and 3.5 for WT and mD369G, respectively. The larger Hill
coefficient for mD369G indicates a higher cooperativity among
Ca2+-binding sites in the mD369G channels; thus, mutation
mD369G enhances the allosteric coupling among Ca2+-binding874 Neuron 66, 871–883, June 24, 2010 ª2010 Elsevier Inc.sites, possibly via an enhanced allosteric
coupling between Ca2+-binding sites and
the activation gate.
mD369G Alters the D367 Activation
Pathway
How does the mD369G mutation perturb
the molecular mechanism of Ca2+-
dependent activation to result in a gain-
of-function? Previous studies showed
that the mutation of each of the two puta-
tive Ca2+-binding sites, D367A and 5D5N
(five consecutive Asp residues at 897–
901 mutated to Asn), eliminates part of
Ca2+-dependent activation and that the
sum of the effects is close to the total
high-affinity Ca2+ sensitivity of the
channel. These results suggest that thechannel is activated by two separate Ca2+-dependent pathways
involving either D367 or the Ca2+ bowl, with only a weak cooper-
ativity between the two pathways (Qian et al., 2006; Sweet and
Cox, 2008; Xia et al., 2002) (Figure 3A). Therefore, to answer
the above question, we first investigated whether the mD369G
mutation affects each of the activation pathways and then
addressed how a particular pathway is affected. We found that
eliminating the function of one pathway by D367A also abolishes
the difference in Ca2+-induced G-V shift between the mD369G
mutant and the WT channels, since V1/2 changes with [Ca
2+]i
nearly in parallel for the two channels (Figures 3B and 3C). This
result indicates that the mD369G mutation no longer enhances
Ca2+ sensitivity when the pathway associated with D367 is
disabled. On the contrary, when the function of the Ca2+ bowl
pathway is eliminated by the 5D5N mutation, the mD369G
Neuron
mD369G Mutation Enhances BK Channel Activationmutation continues to enhance Ca2+ sensitivity in a similar way
as in the WT channel (Figures 3D and 3E). Taken together, these
results suggest that the epilepsy/dyskinesia mutation specifi-
cally affects the Ca2+-dependent activation pathway associated
with D367.
Then, what are the targets in the D367-specific pathway that
are subject to modification by mD369G to result in an increase
in Ca2+ sensitivity? On the basis of the structural model of the
RCK1 domain (Jiang et al., 2002), D367 appears to be located
some distance from the activation gate. Thus, the D367-specific
activation pathway may involve a large structure that includes
many residues (Figure 3A). Because mutation mD369G is
located close to D367, it is possible that the mutation may alter
local interactions of the D369 side chain with the putative
Ca2+-binding site to enhance Ca2+ sensitivity (Wang et al.,
2009). On the other hand, it is also possible that mD369G may
alter the conformation of the activation pathway and allosteri-
cally enhance Ca2+ sensitivity (Figure 2D). To distinguish
between these two possibilities, we mutated D369 to conserva-
tive (D369E) and neutral (D369A, N, W, and P) amino acids with
various side chain sizes and examined the effects of these muta-
tions on Ca2+ sensitivity. Among all these mutations, only
mD369G increased Ca2+ sensitivity, with V1/2 of the G-V relations
shifted to more negative voltage ranges (Figure 3F). The effects
of other mutations were not as pronounced and varied at
different [Ca2+]i, increasing channel activation at some concen-
trations, but decreasing activation at other concentrations.
These results suggest that the side chain of D369 is not part of
the Ca2+-binding site (also see Shi et al., 2002 and Xia et al.,
2002), and it may not contribute to Ca2+ sensitivity by the short
range electrostatic or van der Waals interactions with the puta-
tive Ca2+-binding site. Rather, the specific effect of mD369G in
increasing Ca2+ sensitivity may derive from the ability of glycine
to adopt a wide range of main-chain dihedral angles and make
protein structure flexible at its site, which may alter the confor-
mational changes of the D367-specific pathway during channel
gating. Consistent with this suggestion, the G-V relation of the
mD369G mutant channels shifted a small but significant amount
to more negative voltages (DV1/2 = 8.8 ± 3.8 mV [mean of
difference ± standard error of difference, n = 6 for WT and 20
for mD369G], p = 0.029 in unpaired Student’s t test) at 0 [Ca2+]i
(Figure 1E), indicating that mD369G can alter channel function
by a change in the structure that links to the activation gate,
instead of by merely changing Ca2+ binding. Furthermore,
although mD369G no longer enhances Ca2+ sensitivity of the
channel with the D367A mutation, it alters channel activation
independently of [Ca2+]i, shifting the G-V relation at all [Ca
2+]i
(Figures 3B and 3C). It is possible that D367A eliminated Ca2+
binding to the putative site but did not destroy the rest of the acti-
vation pathway downstream from Ca2+ binding, which was
subsequently altered by mD369G mutation to affect channel
activation.
To examine whether the flexibility of the channel protein
matters to gating and whether mD369G alters the flexibility of
the channel protein, we studied the WT and mutant channels in
intracellular solutions with increased viscosity. The dynamics
of a protein in solution are intimately coupled to the dynamics
of the solvent; the fluctuation amplitudes and relaxation rates(i.e., flexibility) of proteins can be reduced by increases in solu-
tion viscosity (Ansari et al., 1992; Beece et al., 1980; Frauenfelder
et al., 2009). Previous studies showed that the increases in
solution viscosity may affect the moving parts of voltage-depen-
dent Na+ channels during gating to reduce activation rates
(Kukita, 1997, 2000). In our experiments, increasing the viscosity
of intracellular solution by addition of sucrose (measured
viscosity = 0.906 ± 0.003 mPa $ s and 23.1 ± 0.1 mPa $ s,
mean ± SEM, n = 12 at 0 and 2 M sucrose, respectively) slows
down the time course of activation and deactivation (Figures
4A and 4B) and enhances Ca2+-dependent activation (Figures
4C and 4D) of both the WT and mD369G channels. At 200 mM
[Ca2+]i, the reduction of the deactivation rate is smaller as
compared to the enhancement of activation rate (Figure 4B),
and because BK channel activation can be approximated by
a two-state voltage-dependent activation mechanism at satu-
rating [Ca2+]i (Cui et al., 1997), the changes in time courses of
the current are consistent with the changes in G-V relations.
Adding 9 M glycerol in the intracellular solution (measured
viscosity = 20.2 ± 0.1 mPa $ s, mean ± SEM, n = 12), which
resulted in a similar increase of viscosity as 2 M sucrose, also
caused similar changes in BK channel activation (Figures 4E
and 4F). On the other hand, addition of 2 M urea to intracellular
solution, which alters viscosity little (measured viscosity =
0.906 ± 0.003 mPa $ s and 0.987 ± 0.005 mPa $ s, mean ±
SEM, n = 12 at 0 and 2 M urea, respectively), had no effect on
channel activation (Figures 4E and 4F), excluding the possibility
that the changes in BK channel activation with sucrose were due
to changes in osmolarity or other unknown effects associated
with high concentrations of solutes. These results suggest that
gating of BK channels is affected by the flexibility of the channel
protein.
The results show that mutation mD369G alters the responses
of activation and deactivation kinetics to the increased viscosity
(Figure 4B) and causes a reduced shift of the G-V relation as
compared to that in WT when the [Ca2+]i is increased from 0 to
the saturating 200 mM (Figures 4C and 4D). Thus, the enhance-
ment of Ca2+ sensitivity due to an increase of viscosity for
mD369G channels is less than that for WT. Unlike mD369G,
mutationD369A,which does not alter Ca2+ sensitivity (Figure 3F),
has no effect on the response of BK channels to sucrose
(Figure 4D). These results support that mD369G alters the flexi-
bility of the BK channel protein to potentiate Ca2+ sensitivity.
Results in Figure 3 have shown thatmD369G specifically alters
the Ca2+-dependent activation pathway associated with D367
(Figure 3C), but not the pathway associated with the Ca2+ bowl
(Figure 3E). Our unpublished results also indicate that mD369G
does not affect Mg2+-dependent activation (Diez-Sampedro
et al., 2006). To examine whether a change of solution viscosity
affects any specific metal-dependent activation pathways, we
measured channel activation with each of the mutations
E374A, D367A, and 5D5N, which abolished metal binding to
the Mg2+-binding site (Shi et al., 2002), the Ca2+-binding site at
D367 (Shi et al., 2002; Xia et al., 2002), and the Ca2+-binding
site at the Ca2+ bowl (Schreiber and Salkoff, 1997), respectively.
D367A, but not E374A or 5D5N, abolished the response of BK
channels to sucrose (Figures 4E and 4F), suggesting that only
the Ca2+-dependent activation pathway associated with D367Neuron 66, 871–883, June 24, 2010 ª2010 Elsevier Inc. 875
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Figure 4. mD369G Mutation Alters
Response of BK Channels to Solution
Viscosity
(A) Macroscopic current traces recorded in the
absence (thinner traces) or presence (thicker
traces) of 2 M sucrose. Currents were elicited in
saturating 200 mM [Ca2+]i by 70 mV. Holding and
repolarizing voltages were 80 and 120 mV,
respectively. Current traces with sucrose were
re-scaled to have the same peak amplitude as
without sucrose.
(B) Activation (>0 mV) and deactivation (<0 mV)
time constant in the absence (hollow symbols)
or presence (solid symbols) of 2 M sucrose.
[Ca2+]i = 200 mM. Channels were activated by
70 mV then deactivated by various voltages to
obtain deactivation time constant.
(C) G-V curves for WT andmD369G in the absence
(hollow symbols) or presence (solid symbols) of
2 M sucrose. [Ca2+]i = 0 (circles) or 200 mM
(squares). Solid lines are fits with the Boltzmann
function.
(D) DV1/2 versus viscosity. DV1/2 = V1/2 at 0 [Ca
2+]i
 V1/2 at 200 mM [Ca2+]i. The solutions contained
0, 1, and 2 M sucrose, respectively. Solid lines
are fits with equation DV1/2 = ln(h/h0)
g, where h0
is the viscosity of zero DV1/2 and g is the slope in
the semi-log plot; g = 13.7 ± 0.9 and 6.2 ± 0.5
(value ± standard deviation) for WT and mD369G,
respectively.
(E) DV1/2 in the absence (hollow bars) or presence (solid bars) of 2 M sucrose. Hatched bar indicates DV1/2 in the presence of 2 M urea or 9 M glycerol. Asterisks
indicate a significant difference (p < 0.05 in Student’s t test) of DV1/2 resulted from 2 M sucrose or 9 M glycerol.
(F)DDV1/2 caused by sucrose.DDV1/2 =DV1/2
2 M sucrose -DV1/2
0 sucrose. Hatched bar indicatesDDV1/2 caused by 2Murea or 9Mglycerol. The dashed lines give the
99% confidence interval for DDV1/2 of WT.
Error bars represent SEM.
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mD369G Mutation Enhances BK Channel Activationspecifically depends on the dynamics of the channel protein for
the coupling between Ca2+ binding and channel opening, which
is consistent with the result that mD369G specifically affects the
same activation pathway (Figure 3).
It is important to note that both the increase of viscosity,
which reduces the overall protein dynamics, and the mD369G
mutation, which enhances the local peptide flexibility, potentiate
Ca2+ sensing. This result suggests that the local peptide flexi-
bility enhanced by mD369G may reduce the dynamics in other
parts of the protein allosterically, consistent with the results in
Figures 1E and 3C. Taken together, these results suggest that
mD369G alters the flexibility and conformation of the channel
protein to potentiate the allosteric coupling between Ca2+
binding at the D367 site and channel opening.
Allosteric Interactions in the D367 Pathway
To demonstrate more directly that mD369G affects the allosteric
coupling between Ca2+ binding and channel opening, we find
structural perturbations that affected the coupling in the
D367-specific activation pathway and then test whether such
perturbations also alter the effect of mD369G. In search of
such perturbations, we performed a mutation-scan in the AC
region, which is a crucial gateway for the allosteric coupling
between Ca2+ binding and channel opening because it physi-
cally connects the activation gate to the rest of the cytosolic
domain (Figure 1A), and is important in determining Ca2+ sensi-876 Neuron 66, 871–883, June 24, 2010 ª2010 Elsevier Inc.tivity (Krishnamoorthy et al., 2005). Furthermore, both the
putative Ca2+-binding site D367 and the mutation mD369G are
situated within the AC region so that the mutation may alter its
structure to affect Ca2+ sensitivity. In this experiment, most
residues were mutated individually to Ala and some to other
amino acids (Figure 5A). The loss of Ca2+ sensitivity of the
channel due to each mutation is quantified by the change in
the G-V shift (DV1/2) when [Ca
2+]i changes from nominal
0 to the near saturating 99.3–111.5 mM (i.e., DDV1/2(DCa
2+
) =
DV1/2
WT  DV1/2Mutant). We classify a DDV1/2(DCa2+) of more
than ± 20mV as significant because the G-V relation of BK chan-
nels often exhibits variations within a voltage range of%20 mV.
Ten mutations are found to reduce Ca2+ sensitivity significantly
(indicated by asterisks in Figures 5A and S1, available online),
including D362A and D367A, which have been reported else-
where (Shi et al., 2002; Xia et al., 2002). These mutations are
located in different secondary structures within the AC region,
including aA, aB, bC, and the interloop between aA and bB
that contains Asp-Arg-Asp-Asp at positions 367–370 and is
called the DRDD loop (Figure 5A). Consistent with D367 being
part of a Ca2+-binding site, mutations in the DRDD loop resulted
in large reductions in Ca2+ sensitivity; and D367A reduced the
G-V shift by 105 ± 4 mV (mean of difference ± standard error
of difference, n = 6 for WT and 5 for D367A) as compared to
the 182 ± 3 mV (n = 6) total shift in WT mSlo1 in response to an
increase of [Ca2+]i from 0 to 111.5 mM, equivalent to an 60%
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Figure 5. Mutations in the AC Region Per-
turb the D367-Associated Ca2+ Activation
Pathway
(A) Effect of the AC region mutations on Ca2+ acti-
vation. The mutation scan includes H344–A419 of
mSlo1 (GenBank accession number, GI: 347143).
The residues were individually mutated to Ala
except that A389, A412, and A419 were mutated
to Gly, Q397 to Cys, and E399 to Asn.
DDV1/2(DCa
2+
) = DV1/2
WT  DV1/2Mutant, where
DV1/2 = V1/2 at 99.3 to 111.5 mM [Ca
2+]i  V1/2
at 0 [Ca2+]i. Mutations with DDV1/2(DCa
2+
) falling
beyond the ± 20 mV (dashed lines) interval signifi-
cantly affect Ca2+ activation, which are (denoted
by asterisks) F359A, D362A, L364A, H365A,
D367A, R368A, L387A, F391A, T396A, and
F400A. Open circles depict z values. The dotted
line indicates the z value of WT. Structural motifs
are indicated by horizontal thick lines. Arrows indi-
cate mutations from which we were unable to
obtain data because either the G-V curves at
0 [Ca2+]i shifted to extremely positive potentials
beyond the range of measurement (S355A and
K392A) or the mutant failed to express macro-
scopic currents (V398A).
(B) V1/2 versus [Ca
2+]i for the combined mutation in
aA and aB on the background of Ca2+ bowl muta-
tion 5D5N.
(C) V1/2 versus [Ca
2+]i for the combined mutation in
aA, aB, and bCon the background of D367Amuta-
tion. The G-V curve at 0 [Ca2+]i for the combined
mutation shifted to extremely positive potentials
and hence the V1/2 is unavailable. The two curves
are shifted vertically to align at 1.0 mM [Ca2+]i in
the inset.
(D) Effect of individual and combined mutations on
Ca2+ activation (filled bars). Open bars depict the
summed effects of individual mutations except
for those under F359A/D362A/L387A/F391A and
L387A/F391A/T396A/F400A, which show the
summed effects of F359A, D362A, and L387A/
F391A, and of L387A/F391A and T396A/F400A,
respectively. Thick lines indicate the structural
motifs where the mutations are located.
Error bars represent SEM.
Neuron
mD369G Mutation Enhances BK Channel Activationreduction of Ca2+ sensitivity. The functionally important
mutations in other secondary structures are separated by large
distances from the DRDD loop in the structural model of the
RCK1 domain. These residues are important in the D367-
specific pathway (see below), but cannot be part of the Ca2+-
binding site because of their long distances from D367 and
because they are mostly hydrophobic (Figure 5). The long
distances from D367 also suggest that it is unlikely for all these
residues to make direct interactions with the putative Ca2+-
binding site. Therefore, at least some of thesemutations reduced
Ca2+ sensitivity by perturbing the allosteric coupling between
Ca2+ binding and channel opening.
Because mD369G may enhance Ca2+ sensitivity by potenti-
ating the allosteric coupling between Ca2+ binding and channel
opening, do these perturbations also alter the effect of
mD369G? Before answering this question, we examined
whether these mutations, like mD369G, are able to affect theactivation pathway associated with D367 specifically. Figure 5B
shows that the combined mutations in aA and aB with 5D5N
(F359A/L387A/F391A/5D5N) reduced Ca2+ sensitivity more
than 5D5N alone. Because 5D5N completely abolishes the
Ca2+ sensitivity derived from the Ca2+ bowl (Schreiber and
Salkoff, 1997; Xia et al., 2002), the additional reduction in Ca2+
sensitivity suggests that the mutations in aA and aB may
perturb the activation pathway associatedwith D367. Consistent
with these results, the combined mutations in aA, aB, and bC
with D367A (F359A/D362A/H365A/L387A/F391A/T396A/F400A/
D367A) did not reduce Ca2+ sensitivity more than D367A alone
(Figure 5C), indicating that these mutations all specifically affect
the activation pathway associated with D367; once the upstream
pathway is disabled by mutation D367A, additional mutations
perturbing the coupling between Ca2+ binding and channel
opening were no longer able to affect Ca2+ sensitivity. With
more combinations of mutations, we further studied how theseNeuron 66, 871–883, June 24, 2010 ª2010 Elsevier Inc. 877
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Figure 6. Mutations in the AC Region
Allosterically Alter the Effect of mD369G
Mutation
(A–C) V1/2 versus [Ca
2+]i for the background muta-
tions in aA (A), aB (B), and bC (C) with (red circles)
and without (black circles) mD369G, and on the
background of WT with (red dashed line) and
without (black dashed line) mD369G.
(D) The maximum mD369G-induced increase in
Ca2+-dependent activation on the background of
WT and mutations. DV1/2(+Ca
2+) is the maximum
V1/2 shift caused by mD369G, and measured by
the length of the blue lines in (A–C) on respective
backgrounds. Note that DV1/2(+Ca
2+) was
measured at 1.8 mM [Ca2+]i on all backgrounds
except for on the background of mutation in aA,
where DV1/2(+Ca
2+) was measured at 111.5 mM
[Ca2+]i. DV1/2(0Ca
2+) is the V1/2 shift caused by
mD369G at 0 [Ca2+]i, measured by the length of
the cyan lines in (A–C). The asterisk indicates
that the data is significantly different from that on
the WT background (p < 0.0005 in unpaired
Student’s t test).
(E) DV1/2 in the absence (hollow bars) or presence
(solid bars) of 2 M sucrose. DV1/2 = V1/2 at 0 [Ca
2+]i
 V1/2 at 200 mM [Ca2+]i. The asterisk indicates that
DV1/2 in the presence of sucrose is significantly
different from that in the absence of sucrose
(p < 0.05 in Student’s t test).
Error bars represent SEM.
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mD369G Mutation Enhances BK Channel Activationmutations in each individual secondary structure perturb Ca2+-
dependent activation (Figures 5D and S2). The Ca2+ sensitivity
is measured as the total G-V shift induced by a change in
[Ca2+]i from 0 to saturation (Figure 5A), which represents the
free energy change during Ca2+-dependent channel opening
(DGCa
2+ = DzeV1/2) (Cui and Aldrich, 2000), where e is the
elementary charge and z is similar at various [Ca2+]i (Figures
1C and 1D) and largely unchanged by mutations (Figure 5A).
Therefore, we assumed that for any combination of mutations,
if the mutations do not affect the same molecular process, the
sum of the effects on Ca2+ sensitivity by the individual mutations
should be the same as that of the combined mutations (Horovitz
and Fersht, 1990). Mutations in the DRDD loop (H365A/D367A/
R368A) reduced Ca2+ sensitivity that is indistinguishable from
that of the single mutations D367A, indicating that these muta-
tions all affect the same molecular process. Contrarily, the
reduction in Ca2+ sensitivity was nearly additive by mutations
in aBor bC (L387A/F391A or T396A/F400A) (Figure 5D), suggest-
ing that in aB or bC, each mutated amino acid may indepen-
dently contribute to local interactions that are important for
channel gating. However, the combined mutations in aB and
bC (L387A/F391A/T396A/F400A) reduced no more or even less
Ca2+ sensitivity than the mutations in aB alone (L387A/F391A),
indicating that aB and bC also cooperate as part of a common
molecular process in Ca2+-dependent activation. When the
mutations in aA and aB were combined (F359A/D362A/L387A/
F391A), they had a larger effect than did mutations in individual
secondary structures (F359A, D362A, or L387A/F391A); none-
theless, the effect was less than that of the summed effects of
all individual mutations. Therefore, although aA, aB, and bC
may be involved in localized interactions, they also cooperate878 Neuron 66, 871–883, June 24, 2010 ª2010 Elsevier Inc.as part of a common molecular process contributing to Ca2+-
dependent activation. Taken together, these results suggest
that all perturbations in the AC region that reduce Ca2+ sensitivity
(Figure 5A) affect the activation pathway associated with D367,
and they all are allosterically connected such that one perturba-
tion can affect the outcome of other perturbations.
mD369G Alters Allosteric Interactions
We then examined how the above mutations alter the effect of
mD369G by combining mD369G with mutations in aA (F359A),
aB (L387A/F391A) or bC (T396A/F400A) that are likely to be
located long distances away from D369 (Figure 6). Interestingly,
although the mutations in aA, aB, or bC reduce total Ca2+ sensi-
tivity, they either enhanced or did not significantly alter the effect
of mD369G (Figures 6A–6D). Compared to the WT mSlo1, the
mD369G mutation shifted the G-V relation maximally around
1.8 mM [Ca2+]i; however, the mutation in aA altered the profile
of mD369G effects and increased G-V shift, with the largest shift
at 111.5 mM [Ca2+]i (Figures 6A and 6D). The mutations in aB or
bC did not alter the profile of mD369G effects or the maximal
G-V shifts (Figures 6B–6D). Thus, the effect of mD369G is deter-
mined by the mutations in aA, aB, and bC within the AC region.
Because these mutations are all allosterically connected in per-
turbing the D367-specific Ca2+-dependent activation pathway
(Figure 5), any of these mutations would alter most allosteric
interactions within the AC region to provide a unique network
of allosteric connections that determines the effects of
mD369G on Ca2+ sensitivity. Reciprocally, mD369G also affects
most allosteric interactions in the AC region to enhance Ca2+
sensitivity. Figure 6E shows that, in the presence of F359A,
mD369G reduced the response of channel activation to the
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Figure 7. Spatial Distribution and Conser-
vation of the Residues Important for Ca2+-
Dependent Activation
(A and B) The structure of the MthK gating ring
(gray) superimposed with the homology model of
the BK channel AC region (orange) either without
(A, top view) or with (B, side view) the pore domain
of the BK channel (olive). The pore domain of the
BK channel is modeled by using Kv1.2 crystal
structure as the template. The residues identified
in Figure 5A as being important for Ca2+-depen-
dent activation are marked with blue, red, green,
and cyan colors in the structure.
(C) Sequence alignment for the structural motifs
in the AC region of Slo and MthK channels. The
residues identical to those identified in Figure 5A
as being important for Ca2+-dependent activation
are in red, and the conserved residues are in
purple. The structural motifs are indicated by hori-
zontal lines. BK channels from different species
are shown: hSlo1, human (GenBank accession
number, GI: 26638649); mSlo1, mouse (347143);
bSlo1, bovine (46396286); dSlo1, Drosophila
(7301192). Also shown are mSlo3, the pH-sensi-
tive mouse Slo3 channel (6680542); cSlo2, the
Cl-sensitive C. elegans Slo2 channel (5764632);
rSlack, the Na+ sensitive rat Slack channel
(3978471); and MthK (2622639).
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mD369G Mutation Enhances BK Channel Activationincrease of viscosity, suggesting that F359A does not alter the
mechanism for the function of mD369G such that mD369G
may still reduce the flexibility of the AC region even though the
allosteric pathway is altered by F359A. On the basis of all the
results presented in this article, we conclude that mD369G alters
the conformation and dynamics of the channel protein allosteri-
cally to potentiate Ca2+ sensing via the pathway associated with
D367, and the AC region is an important structural component of
this pathway.DISCUSSION
This study demonstrates that mD369G enhances BK channel
activity by altering the allosteric coupling between Ca2+ binding
and gate opening. The experimental results that lead to this
conclusion have also brought insights into the mechanism of
such a coupling. Previous studies suggested that Ca2+ binds
to two putative sites, the D367 site (Xia et al., 2002) and the
Ca2+ bowl (Schreiber and Salkoff, 1997), in BK channels to
activate the channel through two separate intramolecular path-
ways (i.e., two separate subsets of conformational changes are
responsible for coupling the activation gate to the two Ca2+-
binding sites). However, aside from the putative Ca2+-binding
sites, the structural basis of the two activation pathways was
not clear. In this study, we show that the mD369G mutation
and the mutations in the AC region primarily alter the Ca2+
dependence derived from the D367-associated activation
pathway (Figures 3, 4, and 6). These results further demonstrate
that Ca2+ activates the channel through separate intramolecular
pathways, and the allosteric interactions within the AC region are
part of the D367-specific pathway.Our results suggest that the AC region is an important
structural component in coupling Ca2+ binding to channel
opening. Consistent with this role, homology modeling of the
AC region in BK channels and its superimposition on the full
gating ring of the MthK channel reveal that the Ca2+-sensitive
mutations are distributed in a distinct fashion from the periphery
of the cytosolic domain to the center of the channel (Figures 7A
and 7B). The DRDD loop, where the putative Ca2+-binding site
and the mD369Gmutation are located, is positioned at the outer
edge of the channel molecule, and aA, aB, and bC lie just
beneath the central pore, making it possible for the allosteric
connection within the AC region to couple Ca2+ binding to the
activation gate. Sequence alignments show that the residues
important for Ca2+ sensitivity in the AC region are conserved
among Slo1 channels from fruit fly to human (Figure 7C), sug-
gesting that all BK channels may share the same Ca2+ activation
mechanism. Interestingly, although the DRDD loop is highly
conserved among the Ca2+-activated Slo1 channels, other Slo
families that are activated by intracellular H+ (Schreiber et al.,
1998), Na+ (Yuan et al., 2003), and/or Cl (Yuan et al., 2000)
ions show variations in this region (Figure 7C). In addition, this
loop is not present in the prokaryotic MthK or the Escherichia
coli K+ channels (Jiang et al., 2002; Jiang et al., 2001). Therefore,
the residues in the Slo1 DRDD loop appear to be specifically
important for Ca2+ sensing. In contrast, the sequences of aA,
aB, and bC are highly conserved among all Slo families. The
residues corresponding to F359, L387, F391, T396, and F400
in mSlo1 are hydrophobic in these channels, and the residues
corresponding to D362 are either negatively charged or polar.
These comparisons suggest a common role for aA, aB, and bC
in the gating mechanism of eukaryotic channels that are sensi-
tive to intracellular ions. It is possible that, in all these channels,Neuron 66, 871–883, June 24, 2010 ª2010 Elsevier Inc. 879
A B
βA - αA
αB
DRDD
loop
αB
D369G
Wildtype
R
M
SF
 (n
m
) 0.4
0.3
0.2
0
βA αA βB αB βC αCDRDDloop
D369
G
E
A
W
P
N
0.5
0.1
Figure 8. mD369G Mutation Reduces the
Flexibility of the AC Region in Molecular
Dynamics Simulations
(A) RMS fluctuation of Ca concentrations in the AC
region obtained from molecular dynamics simula-
tions of WT and D369A, E, G, N, P and W. Color
shades indicate the structural motifs in the AC
region, the dynamics of which are significantly
affected by mD369G.
(B) Motion of the WT (top) and mD369G (bottom)
AC regions along the principal eigenvector from
minima to maxima. Color codes are the same as
in (A).
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mD369G Mutation Enhances BK Channel ActivationaA, aB, and bC modulate gate opening, but the modulation is
allosterically controlled by various intracellular ions that specifi-
cally bind to their respective binding sites. A change in this
allosteric mechanism such as the hD434G mutation can alter
the function of these channels and result in human diseases.
An increase of viscosity in intracellular solutions enhances
Ca2+ sensitivity of BK channels, suggesting that the dynamics
of the channel protein is important in the allosteric pathway asso-
ciated with D367. Two lines of evidence indicate that mD369G
alters the dynamics of the channel protein to potentiate Ca2+
sensing, namely mD369G, but not other mutations of D369,
enhances Ca2+ sensitivity (Figure 3F) and alters the responses
of the channel to changes in solution viscosity (Figure 4D). To
explore the possible mechanisms of how mD369G changes
channel function, we performed molecular dynamics (MD) simu-
lations for the AC region. Previous studies have suggested that
the AC regionmay form an independent structural and functional
unit in BK channels. First, it was demonstrated that a cleavage at
12 amino acids after the AC region does not prevent the resulting
two divided peptides from forming functional channels, suggest-
ing that the cytosolic domain in the N-terminal part of the divided
Slo1 may be able to fold independently (Pico, 2003). Therefore,
as the core of this cytosolic domain, the AC region may be
treated as a structural unit in MD simulations. Second, we previ-
ously found that the entire AC region, but not any part of it, was
responsible for the Ca2+ sensitivity difference between two Slo1
homologs, suggesting that the AC region also acted as a func-
tional unit to modulate Ca2+ sensitivity (Krishnamoorthy et al.,
2005). This idea is also supported by the results that mutations
within the AC region are allosterically connected in perturbing
Ca2+ sensitivity (Figure 5).
Figure 8A plots root mean square fluctuation (RMSF) of the
main chain Ca concentrations for the AC regions of the WT and
mD369G mSlo1, as well as the AC regions of mutations
D369E, A, N, W, and P that have little effect on Ca2+ sensitivity
(Figure 3F). RMSF is the standard deviation of the movement
of a residue around its mean position (i.e., residues with a higher
RMSF are in a more flexible region of the protein). Consistent
with the experimental data (Figures 1E, 3C, 3F, 4, and 6A–6D),
mutation mD369G not only alters the local flexibility but also
changes the overall dynamics of the AC region. The changes
are most prominent in three areas of the AC region; the peak
RMSF shifts in the DRDD loop and the maximum differences
occur in the bA-aA linker and aB-bC (red, blue, and green
shades, Figure 8A), corresponding to the same areas where880 Neuron 66, 871–883, June 24, 2010 ª2010 Elsevier Inc.the mutations reduce Ca2+ sensitivity with allosteric connections
(Figure 5). Also correlating with the experimental results of
channel activation (Figures 3F, 4E, and 4F), the dynamics of
the D369E, A, N,W, and Pmutant AC regions do not show similar
changes as that of mD369G. For a better visualization, the
changes in dynamics caused by mD369G are also illustrated
by decomposing the complex motion into simpler periodic
orthogonal modes using principal component analysis and plot-
ting themovements of themost significantmode (Figure 8B). The
overall effect of mD369G is to reduce the flexibility in the bA-aA
linker and aB-bC, causing the entire AC region tomove as amore
rigid entity that simply follows the motion of the DRDD loop
(Figure 8B and Movie S1, available online), consistent with the
result that both mD369G and an increase of solution viscosity
enhances Ca2+ sensing (Figures 1 and 4). It is remarkable that
the results of MD simulation and experiments correlate well in
almost every aspect, although the structure of the AC region is
based on a homology model derived from the structure of
MthK. This result is consistent with a number of previous studies
that demonstrated the structural homology between the RCK1
domain in BK channels and the RCK domain of MthK (Cui
et al., 2009; Wang and Sigworth, 2009). Thus, the MD simulation
shows a plausible mechanism for mD369G to change the
dynamics of the channel protein, which affects the allosteric
coupling in the D367 activation pathway by altering the traverse
of a dynamic substates ensemble or entropy in the free energy of
channel gating (Kern and Zuiderweg, 2003; Popovych et al.,
2006).
This dynamic-based allosteric mechanism can be an impor-
tant target for BK channel modulation. For instance, reported
values of intracellular viscosity range from 1 mPa $ s (the
viscosity of pure water) to >100 mPa $ s (Kuimova et al., 2009;
Wandelt et al., 2005). Such a variation may be due to different
samples and techniques of measurements as well as physiolog-
ical states of the cell (Kuimova et al., 2009). Within this range of
viscosity, Ca2+ sensitivity of WT BK channels increases with
viscosity and can be equivalent or even larger than that of
mD369G channels (Figure 4D). These results reveal a possibility
that, at certain physiological states, a high intracellular viscosity
could be associated with epilepsy by altering the protein
dynamics and potentiating Ca2+ sensitivity of BK channels. On
the other hand, a reduction of intracellular viscosity reduces
Ca2+ sensitivity of the mD369G mutant channels (Figure 4D),
which may prevent the role of this mutation in epilepsy. These
possibilities need to be explored by future investigations.
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Mutagenesis and Expression
The mutations were made using overlap-extension PCR from the mbr5 splice
variant of mSlo1(GenBank accession number, GI: 347143) (Butler et al., 1993).
The PCR-amplified regions of all the mutations were verified by sequencing.
RNA was transcribed in vitro with T3 polymerase (Ambion, TX) and injected
into Xenopus laevis oocytes (stage V–VI) with an amount of 0.05–50 ng each,
followed by 2–5 days of incubation at 18C.Electrophysiology
Inside-out patches were formed from oocyte membrane by borosilicate
pipettes of 0.8–1.5 MU resistance. Macroscopic currents were recorded
with an Axopatch 200-B patch clamp amplifier (Axon Instruments, CA) and
PULSE acquisition software (HEKA Electronik, Germany). The current signals
were low-pass-filtered at 10 kHz with the amplifier’s four-pole Bessel filter and
digitized at 20-ms intervals. The pipette solution contains 140 mM potassium
methanesulphonic acid, 20 mM HEPES, 2 mM KCl, and 2 mM MgCl2
(pH 7.2). The nominal 0 mM [Ca2+]i solution contains 140 mM potassium meth-
anesulphonic acid, 20 mM HEPES, 2 mM KCl, 5 mM EGTA, and 22 mg/L
(+)-18-crown-6-tetracarboxylic acid (18C6TA) (pH 7.2). The free [Ca2+] in the
nominal 0 [Ca2+]i solution is about 0.5 nM. CaCl2 was added to a solution con-
taining 140 mM potassium methanesulphonic acid, 20 mMHEPES, 2 mMKCl,
1 mM EGTA, and 22 mg/L 18C6TA (pH 7.2) to obtain the desired free [Ca2+],
which was measured by a Ca2+-sensitive electrode (Thermo Electron, MA).
In experiments that changed viscosity, sucrose, glycerol, or urea was added
to either the nominal 0 mM [Ca2+]i solution or the solution containing 200 mM
free [Ca2+] which is composed of 140 mM potassium methanesulphonic
acid, 20 mM HEPES, 2 mM KCl, and 0.2 mM CaCl2 (pH 7.2). Free [Ca
2+]
(200 mM) was used to ensure a saturating binding of Ca2+ to the channels.
Viscosity was measured using a Brookfield DV-III ULTRA Programmable
Rheometer (Brookfield Engineering Laboratories, MA) with amodel 40 spindle.
Viscosity was measured under two spindle rotation rates, 30 and 60 RPM,
except for solutions with 2 M sucrose or 9 M glycerol, of which the viscosity
was measured under 6 and 12 RPM. All the solutions are Newtonian fluids
so that the viscosity does not change with spindle rotation rate. All the exper-
iments were performed at room temperature (22C –24C).Analysis
The tail current amplitudes at50mVweremeasured to determine the relative
conductance. The conductance–voltage (G–V) curves were fitted with the
Boltzmann function:
G
Gmax
=
1
1+ exp

 ze

V  V1=2

kT

where G/Gmax is the ratio of conductance to maximal conductance, z is the
number of equivalent charges, e is the elementary charge, V is membrane
potential, V1/2 is the voltage where G/Gmax reaches 0.5, k is Boltzmann’s
constant, and T is absolute temperature. Error bars in this article represent
standard error of means (SEM).Monod-Wyman-Changeux (MWC) Model
MWC model fits use the following equation:
Popen =
1
1+ Lð0Þ,e
zeV
kT ,
2
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
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
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3
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4
where Popen is channel’s open probability; L(0) is the equilibrium-state ratio of
closed to open channels ([C]/[O]) in the absence of bound Ca2+ at 0 mV; z, e, V,
k, and T are the same as above in Boltzmann function; and Kc and Ko are the
dissociation constants of Ca2+ in the closed and open states, respectively.Ca2+ Sensitivity by Limiting Slope Measurement
The limiting slope measurement is applied to determine the open probability
at extremely negative voltages (Horrigan et al., 1999). The open probability
determined by limiting slope measurement is combined with the correspond-
ing G-V relation to construct a Po-V curve, which is fitted to the following HCA
model (Horrigan et al., 1999):
Po =
1
1+
exp

 zLFV
RT

Lo
0
BBB@
1+ exp

zJFðV  VhcÞ
RT

1+ exp

zJFðV  VhoÞ
RT

1
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4
where zL is the charge associated with gate opening when all the voltage
sensors are at their resting state. zJ is the charge associated with voltage
sensor movements. L0 is the intrinsic open probability at V = 0 while all the
voltage sensors are at their resting state. Vhc and Vho are the voltages for
half of the voltage sensors to be at their activation state at the closed and
the open conformations, respectively. All the fittings have fixed zL = 0.1, zJ =
0.57, and Vhc = 172 mV; L0 and Vho are optimized for the best fitting to reflect
the Ca2+ dependence (Horrigan and Aldrich, 2002).
In Figures 2B and 2C, the Po at 140 mV is obtained from the HCA model
fittings, which is more accurate than that from direct measurements because
the model fittings take into account all the Po-V data at a certain [Ca
2+]i to
eliminate experimental variations.Homology Modeling
Sequence alignment of mSlo1 (GenBank accession number, GI: 347143)
with MthK channel (1LNQ, GI: 2622639) and Kv1.2 channel (2A79, GI:
1235594) was performed using ClustalW (Thompson et al., 1994). The
gaps in the sequence were predicted using the Protein Loop Optimization
Algorithm (PLOP) (Jacobson et al., 2004). Homology models of the mSlo1
AC region (Gly341-Asp420) were generated using Modeler (Sali and Blundell,
1993).Molecular Dynamics Simulations
The package GROMACS (Lindahl et al., 2001) was used for all MD simulations.
The simulations were performed at 300 K using an NpT ensemble, OPLS/AA
force field, and explicit SPC solvent. In all cases, 2 fs time steps were used
along with periodic boundary conditions, hydrogen bond constraints, and
Particle Mesh Ewald for the calculation of long-range electrostatics. The
protocol for the simulation involved energy minimization, followed by heating
to 300 K at intervals of 50 K, equilibration for 40 ps, and finally the 80 ns
production run. The coordinates were saved every 50 ps for subsequent
analysis. The 80 ns simulation is limited by computation capacities and is
shorter than the timescale of BK channel gating that is at 0.1 ms. Neverthe-
less, motions of the backbone on the ps–ns timescale have been shown
experimentally as an important carrier of allosteric energy (Kern and
Zuiderweg, 2003; Popovych et al., 2006).
Root Mean Square Fluctuations
The root mean squared fluctuation of every atom was found using the formula
RMSF=
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1
N
X
ðxi  hxiiÞ2
r
where xi is the position of atom i in each simulation frame and hxii is the average
of x over all frames.
Principal component analysis
The trajectory obtained from our MD simulations was decomposed into
orthogonal modes and the motion of the protein along the first few modes
was studied. Cij, the correlation between the movement of an atom i and
atom j was found for all N Ca atoms of the protein to form an N*N covariance
matrix. Cij = hM1=2ii ðxi  hxiiÞM1=2jj ðxj  hxjiÞi, where M is a diagonal matrix
containing the masses of the atoms. The covariance matrix was diagonalized
to get N eigenvectors and corresponding eigenvalues. The MD trajectory was
projected on the eigenvector having the largest eigenvalue to get the principal
mode that captures the largest amplitude motion of the protein.Neuron 66, 871–883, June 24, 2010 ª2010 Elsevier Inc. 881
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